Unveiling the signal transduction of phytohormone abscisic acid (ABA) and its regulatory mechanisms is critical for developing the strategies toward improving plant responses to stressful environments. ABA signaling is perceived and mediated by multiple PYR/PYL receptors, whose post-translational modifications, especially phosphorylation, remain largely unknown. In this study, we demonstrate that Arabidopsis EL1-like (AEL) protein, a casein kinase that regulates various physiological processes, phosphorylate PYR/PYLs to promote their ubiquitination and degradation, resulting in suppressed ABA responses. Arabidopsis ael triple mutants display hypersensitive responses to ABA treatment, which is consistent with the suppressed degradation of PYR/PYL proteins. PYR/PYLs are phosphorylated in vivo and mutation of the conserved AEL phosphorylation sites results in reduced phosphorylation, ubiquitination, and degradation of PYR/PYLs, and hence enhanced ABA responses. Taken together, these results demonstrate that AEL-mediated phosphorylation plays crucial roles in regulating the stability and function of PYR/ PYLs, providing significant insights into the post-translational regulation of PYR/PYL receptors and ABA signaling.
INTRODUCTION
The phytohormone abscisic acid (ABA) plays crucial roles in regulating plant development and responses to environmental stimuli including drought, cold, and salinity (Cutler et al., 2010) . Genetic studies have established a canonical ABA signaling pathway that consists of receptors PYRABACTIN RESISTANCE1 (PYR1)/PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR), clade A protein phosphatases type-2C (PP2Cs), and sucrose non-fermenting 1-related subfamily 2 protein kinases (SnRK2s). PYR/PYL receptors perceive the ABA signal and inhibit PP2C function by forming ternary complexes (Ma et al., 2009; Park et al., 2009) , resulting in the activation of downstream targets of PP2Cs and activated SnRK2 kinases by self-phosphorylation, which then phosphorylate ABA-related factors (ABFs/AREBs) to stimulate the expression of ABA-responsive genes and lead to the ABA responses. AELs Phosphorylate and Destabilize PYR/PYLs Li et al., 2013; Merilo et al., 2013; Wang et al., 2013; Fuchs et al., 2014; Zhao et al., 2014) . In addition to regulation at the transcription level, recent studies have shown that distinct PYR/PYL members are polyubiquitinated through interactions with RING-type E3 ubiquitin ligases RING FINGER OF SEED LONGEVITY1 (RSL1, Bueso et al., 2014) or CULLIN4-RING E3 ubiquitin ligase (CRL4, Irigoyen et al., 2014) , or targeted by the APC/C TE complex (Lin et al., 2015) , and then degraded by the 26S proteasome or vacuolar pathway (Belda-Palazon et al., 2016) . Although PYR/PYL members can be nitrated at tyrosine residues (Castillo et al., 2015; Wang et al., 2015) , phosphorylation of PYR/PYLs is detected rarely, with only one recent report showing the phosphorylation of PYR/PYLs by Target of Rapamycin (TOR) kinase to balance plant growth and stress response (Wang et al., 2018) .
Protein phosphorylation regulates the activity, stability, or subcellular localization of target proteins and is important for signal transduction and multiple physiological processes. Of the various protein kinases, casein kinase 1 (CK1) is a Ser/Thr protein kinase that is highly conserved in plant and mammalian cells and plays crucial regulatory roles in multiple developmental processes including cell proliferation, circadian rhythms, hormonal effects, vesicle trafficking, DNA repair, growth, and morphogenesis (Knippschild et al., 2005) . Our previous studies showed that rice Early Flowering 1 (EL1, a casein kinase1) suppresses gibberellin signaling and rice heading by phosphorylating and regulating the stability of DELLA protein Slender Rice 1 (SLR1) (Dai and Xue, 2010) . Interestingly, EL1 is highly conserved in plants, and we show here that Arabidopsis EL1-like (AEL) regulates ABA signaling by phosphorylating receptor PYR/PYLs. Arabidopsis ael triple mutants have hypersensitive responses to ABA treatment, demonstrating that AELs are key negative regulators of ABA signaling. Further systemic biochemical and genetic studies reveal that ABA suppresses the AEL-PYR/PYL interaction and that AELmediated phosphorylation is crucial for the ubiquitination and degradation of PYR/PYLs, which facilitates understanding of the molecular mechanism of ABA effects by regulating PYR/ PYL stability via phosphorylation.
RESULTS
ael Triple Mutants Are Hypersensitive to ABA Treatment EL1, a distinct CK1, phosphorylates SLR1 to regulate gibberellin signaling and rice heading (Dai and Xue, 2010) . The present analysis showed that there are four homologous genes of rice EL1 in Arabidopsis (At2g25760, At3g13670, At3g03940, and At5g18190), which are designated as AEL1 to AEL4 (Arabidopsis EL1-like) respectively (previously referred to as MUT9-like kinases or as photoregulatory protein kinases). Interestingly, Arabidopsis CK1 members can be divided into two subfamilies according to the amino acid sequences at the carboxyl terminus, and AEL1-4 form a clade distinct from that of the CK1-like orthologs (Supplemental Figure 1) .
Real-time qPCR analysis revealed the upregulated transcriptions of AELs by ABA treatment ( Figure 1A ), suggesting a possible role of AELs in ABA responses. Corresponding knockout mutants were identified (Supplemental Figure 2A and 2B) and seed germination assays showed that, although there is no obvious ABA response of the single mutant, the double mutants of AELs display an increased response to ABA at the early stage of germination (especially those related to ael1, Supplemental Figure 2C -2E), and the triple mutants ael123, ael124, and ael134 (ael234 is lethal) present obviously hypersensitive responses to ABA. Compared with Columbia-0 (Col-0; wildtype) and abi1-1c (an ABA signaling suppressed mutant, Umezawa et al., 2009) , ael triple mutants had much reduced seed germination ratios or green cotyledon percentage ( Figure 1B and 1C) , as well as suppressed lateral root elongation ( Figure 1D ), under ABA treatment.
ABA regulates stomatal movement and plant responses to salinity, cold, and drought. Indeed, the stomatal aperture was dramatically reduced in ael triple mutants compared with those of Col-0 and abi1-1c ( Figure 1E ). Considering that the similar phenotypes of triple mutants and both ael123 and ael124 were stronger than the phenotype of ael134, further real-time qPCR analysis using ael124 as a representative confirmed the enhanced expressions of ABA-responsive genes COR47, RAD29A, and RAD29B
Experiments were repeated three times and data are presented as means ± SEM. Statistical analysis using Student's t-test revealed significant differences (*p < 0.05, **p < 0.01 compared with the expression of corresponding genes in the absence of ABA).
(B) ael triple mutants display hypersensitive responses to ABA treatment. Analysis of the seed germination ratios (%) under ABA (0.3 mM, 2-4 days, left), under various ABA concentrations at 3 days (middle), or calculation of the green cotyledon of germinated seeds (%) under ABA at 5 days (right) confirmed the hypersensitive responses of ael triple mutants. Seeds were examined daily, and radicle protrusion of seeds was regarded as germination. abi1-c mutant was used as control. Experiments were repeated four times and data are presented as means ± SEM (n = 100). Statistical analysis using Student's t-test revealed the significant differences compared with Col-0 (*p < 0.05, **p < 0.01, compared with those of Col).
(C) Representative images of 5-day-old seedlings of ael triple mutants under 0.3 mM ABA. Scale bar, 1 cm.
(D) Phenotypic observation (upper panel; scale bar, 1 cm) and calculation (lower panel) of the lateral root length under ABA treatment revealed the enhanced lateral root elongation suppression of ael123 or ael124 triple mutants. Four-day-old seedlings were transferred to half-strength MurashigeSkoog medium supplemented with ABA (5 mM) for 5 days and analyzed. Mutant abi1-c was used as control. Experiments were repeated three times and data are presented as means ± SEM (n = 30). Statistical analysis using Student's t-test revealed significant differences compared with Col-0 (**p < 0.01 compared with those of Col-0).
(E) Microscopic observation (upper panel; scale bar, 10 mm) and calculation of the stomatal aperture (lower panel; width/length, W/L) of Col-0 and ael123 or ael124 leaves under 10 mM ABA. abi1-1c was used as a control and W/L ratio without ABA was set as ''100%''. Experiments were repeated three times and data are presented as means ± SEM (n = 30). Statistical analysis using Student's t-test revealed significant differences (*p < 0.05, **p < 0.01 compared with Col-0).
(F) Real-time qPCR analysis showed the enhanced expressions of genes COR47, RD29A, and RD29B in ael124 triple mutants. Seven-day-old seedlings were treated with ABA (50 mM, 30 min) and analyzed. Experiments were repeated three times and data are presented as means ± SEM. Statistical analysis using Student's t-test revealed significant differences compared with Col-0 (**p < 0.01 compared with the corresponding genes of Col-0).
( Figure 1F ). In addition, ael triple mutants displayed significantly reduced germination under salinity (Figure 2 ). These results demonstrated the enhanced ABA signaling of ael triple mutants and indicated that AELs act as important negative regulators of ABA responses.
AELs Interact with and Phosphorylate PYR/PYLs
To study the functional mechanism of AELs, we first analyzed kinase activity of AELs in vitro, and the results confirmed that similar to rice EL1, AELs are functional casein kinases ( Figure 3A ). Considering the enhanced ABA signaling of ael triple mutants and presence of candidate phosphorylation sites of PYR/PYL receptors (several serine/threonine residues are predicted as the target site of CK1 based on Scansite Motif Scan, Supplemental Table 1 ), it was necessary to examine whether PYR/PYLs are phosphorylated by AELs. As shown in Figure 3B , most PYR/PYL members are phosphorylated by AEL1. Further assay showed that PYL1 (as a representative) is phosphorylated by AEL3 and AEL4 as well (we failed to examine the PYL1 phosphorylation by AEL2 as purified AEL2 displays no casein kinase activity), indicating that most AELs conservatively phosphorylate PYR/ PYL receptors.
As expected, co-immunoprecipitation analysis confirmed the interaction of AEL1 and PYL1 in vivo, while the AEL1-PYL1 interaction is suppressed by ABA ( Figure 3C ). Consistent with this, phosphorylation of PYL1 by AEL1 is partially inhibited by increased ABA (Figure 3D ), indicating that ABA may reduce the AEL1-mediated phosphorylation of PYR/PYLs by interfering with their interactions.
AELs Phosphorylate PYR/PYLs In Vivo
To confirm the in vivo phosphorylation of PYR/PYLs and identify candidate phosphosites, we expressed FLAG-PYL1 fusion protein in Arabidopsis Col-0 or the ael124 triple mutant. After ABA treatment (100 mM) for 2 h, FLAG-PYL1 was purified using the FLAG-trap immunoprecipitation (IP) method and phosphorylated residues of PYL1 were analyzed using the liquid chromatography-mass spectrometry (LC-MS) method. The experiments were conducted with two biological replicates, and analysis of the candidate phosphosites showed that phosphorylation was detected at 11 serine (Ser, S) residues and nine threonine (Thr, T) residues of PYL1 across the repeated experiments ( Figure 4A ; Supplemental Figures 3 and 4) . In addition, variations of few phosphosites were detected under ABA treatment ( Figure 4A ), which indicates and is consistent with the stimulated or repressed phosphorylation of PYL1 by ABA.
Among the phosphorylated residues, phosphopeptides containing phosphosites S58, S59, S91, S112, T133, and S203 were detected more than three times ( Figure 4B ). The phosphorylation signal of the phosphopeptide containing T133 is statistically significant, and this peptide contains another two possible phosphosites, S136 and T138 (Supplemental Table 1 ). Interestingly, calculation of the maximum probability for phosphosites by different phospholocalization algorithms and various PYR/PYLs ($10 mg) from E. coli were used for analysis. CBB staining indicated the loading of proteins (bottom). (C) Co-immunoprecipitation (left) and quantification of the relative density of PYL1 (IP/Input, right) revealed the interaction of AEL1 and PYL1 in vivo, which was reduced by ABA. Infiltrated tobacco leaves were sprayed with or without ABA (100 mM) and total extracted proteins were incubated with Anti-FLAG M2 Magnetic Beads. Input or IP fractions were analyzed using anti-FLAG or anti-myc antibodies, respectively. Band density was measured using ImageJ and data are presented as means of IP/means of Input. showed that S136 had the maximum likelihood ( Figure 4B ). Considering that most PYR/PYLs are phosphorylated by AELs and alignment analysis showed that S136 (S109 of PYR1) was more conserved than the other two threonines ( Figure 4C ), S136 is possibly only conserved in vivo in PYL1 phosphosites, and therefore we focused on this site for further analysis. Interestingly, phosphorylation of S136 can still be detected in ael124 mutants and this may be due to the presence of AEL3 in ael124, which can phosphorylate PYL1.
In addition to residue S136, alignment analysis revealed that S182 of PYL1 (S152 of PYR1) is also highly conserved in all PYR/PYLs (some with threonine instead) except PYL6 ( Figure 4C ), suggesting their possible role in mediating the phosphorylation of PYR/PYLs by AELs. Indeed, in vitro kinase assays using PYR1 and PYL1 as representatives showed that mutation of these two sites to alanine (A, preventing phosphorylation) results in significantly suppressed phosphorylation by AEL1 ( Figure 4D and Supplemental Figure 5 ), which confirms the roles of these sites in phosphorylation and indicates a conserved AELmediated phosphorylation of PYR/PYLs. We note that mutation of the later serine (S152 of PYR1 or S182 of PYL1) results in more suppressed phosphorylation, which is consistent with its high conservativeness and suggests it to be the major phosphorylation site of PYR/PYLs by AELs.
AELs Stimulate the Ubiquitination and Degradation of PYR/PYLs through Phosphorylation
Phosphorylation frequently promotes the polyubiquitination and proteasome-mediated degradation of target proteins (Tan et al., 2013; Ni et al., 2014; Tan and Xue, 2014) . Considering the negative effects of AELs on ABA responses, it is hypothesized that AELs may decrease the stability of PYR/PYLs through phosphorylation. Indeed, examination using an in vitro cell-free analysis revealed that, compared with Col-0, degradation of PYR1 and PYL1 proteins is significantly suppressed in ael123 and ael124 triple mutants ( Figure 5A ) and, additionally, degradation of most PYLs is suppressed in ael124 ( Figure 5B ). Further in vivo analysis by crossing Col-0 with ael124 lines (A) Phosphosites of PYL1 were detected in vivo by LC-MS and recognized by two algorithms. The experiments were repeated and all detected phosphosites (S/T) are indicated (numbers show the position of amino acid residues). Phosphosites detected more than three times or twice are highlighted in red or blue, respectively, and those stimulated or repressed by ABA treatment are highlighted in purple or green, respectively. (B) Probability of phosphosites of PYL1 that are phosphorylated in the mono-phosphosite phosphopeptides or tri-phosphosites phosphopeptides. Proteome Discoverer software and Peaks Studio 8.5 software suite were used for identification of phosphopeptides and calculation of maximum probability for phosphosites. (C) Some predicted CK1 phosphorylation sites of PYR/PYLs. Coincident acidophilic serine (S) or threonine (T) are highlighted (red frames). Multiple alignments of PYR/PYLs protein sequences were conducted using DNAMAN. (D) Protein kinase assay by [ 32 P]g-ATP autoradiograph showed that mutation of serines (S109 and S152 of PYR1, S136 and S182 of PYL1) to alanine (A) results in the reduced phosphorylation of PYR1 or PYL1. Recombinant AEL1 ($1 mg), PYR1 (S109A, S152A, S109AS152A, $10 mg) or PYL1 (S136A, S182A, S136AS182A, $10 mg) were used for the in vitro kinase assay.
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AELs Phosphorylate and Destabilize PYR/PYLs expressing PYL1 revealed the significantly suppressed degradation of PYL1 in ael124 ( Figure 5C ), confirming the crucial roles of AEL-mediated phosphorylation in regulating the degradation and stability of PYR/PYLs.
The two conserved phosphosites were mutated, mimicking phosphorylation (to aspartic acid, D) or preventing phosphorylation (to alanine, A) to further study the roles of AEL-mediated phosphorylation on PYR/PYLs. Analysis using a cell-free system (A) Suppressed degradation of PYL1 and PYR1 in ael123 or ael124 triple mutants. Stability of purified PYL1-His and PYR1-His fusion proteins was examined by in vitro cell-free analysis and detected by western blot using anti-His antibody (top). CBB staining showed the equal loading of total proteins. Band density was measured using ImageJ and data are presented as means ± SEM (n = 3, bottom). (B) Suppressed degradation of PYLs in ael124 triple mutants. Stability of purified PYLs-His fusion proteins was examined by in vitro cell-free analysis and detected by western blot using anti-His antibody. CBB staining showed the equal loading of total proteins. Band density was measured using ImageJ and data are presented as means ± SEM (n = 3, bottom). (C) Western blot analysis confirmed the suppressed degradation of PYL1 in ael124 triple mutants in vivo. Col-0 lines expressing PYL1 (Col-PYL1-L1, Col-PYL1-L4) were generated by crossing homozygous ael124 lines expressing PYL1 (ael124-PYL1-L1, ael124-PYL1-L4) with Col-0. Seven-day-old seedlings were treated with CHX (0, 0.5, 1, 2, or 4 h) and degradation of PYL1-FLAG fusion protein was detected by anti-FLAG antibody (top). CBB staining showed the equal loading of total proteins. Band density was measured using ImageJ and data are presented as means ± SEM (n = 3, bottom).
showed that, compared with normal PYR1/PYL1, the phosphorylation-mimetic form (PYR1 S109DS152D , PYL1 S136DS182D ) enhances, while the non-phosphorylatable form (PYR1 S109AS152A , PYL1 S136AS182A ) suppresses the degradation of PYR1/PYL1
in both Col-0 and ael124 triple mutant (Figure 6 ), further indicating that AELs promote PYR/PYL degradation through phosphorylation.
Previous studies have demonstrated that several PYR/PYLs are degraded through ubiquitination and by proteasomes (Bueso et al., 2014; Irigoyen et al., 2014) . Indeed, results of the present study revealed that the ubiquitination status of PYL1 is obviously reduced in the ael124 triple mutant ( Figure 7A , upper). More convincingly, mutation of the PYL1 phosphorylation sites mimicking dephosphorylation (S136AS182A) results in not only suppressed phosphorylation and delayed degradation ( Figures 4D and 5 ), but also reduced ubiquitination of PYL1 in Col-0 ( Figure 7A, lower) , further confirming the role of AELmediated phosphorylation in regulating the ubiquitination and, hence, stability of PYR/PYLs.
To confirm the roles of AEL-mediated phosphorylation in vivo, we generated transgenic plants expressing PYL1 S136AS182A (Supplemental Figure 6A) . Phenotypic observation and analysis showed that plants expressing PYL1 S136AS182A are more sensitive to ABA or NaCl treatment compared with Col-0 or those expressing normal PYL1 (Figure 7B and 7C; Supplemental Figure 6B ). Consistently, the degradation of PYL1 S136AS182A is significantly suppressed compared with normal PYL1 in vivo ( Figure 7D ). These results confirm the crucial roles of AELmediated phosphorylation in regulating the functions of PYR/PYL receptors by promoting their ubiquitination and degradation. Under environmental stimuli, the amount of ABA is increased and ABA signaling is activated to ensure the plant response. Increased ABA suppresses the AEL-PYR/ PYL interaction, resulting in reduced phosphorylation and hence polyubiquitination of PYR/PYLs, which leads to the stabilization/accumulation of PYR/PYLs and stimulates ABA responses ( Figure 7E ).
DISCUSSION
ABA signaling is crucial for plant growth and response to stressful conditions (Kanno et al., 2010 ). Our results demonstrate that the phosphorylation of the ABA receptors PYR/PYLs, which is mediated by AELs, promotes the degradation of PYR/PYLs, leading to suppressed ABA responses. Studies have shown that the function and activity of hormone receptors can be regulated through protein modification, such as the glutathionylation and ubiquitination of brassinosteroid receptor BRI1 (Bender et al., 2015; Martins et al., 2015) and S-nitrosylation of auxin receptor TIR1 (Terrile et al., 2012) . In most cases, organisms have adopted a self-repression mechanism to attenuate the activated signaling pathways (Ni et al., 2013 (Ni et al., , 2014 , of which protein phosphorylation provides a rapid and efficient strategy by modifying target proteins including receptors, especially in light (Tan and Xue, 2014) or hormone signaling (Kim and Wang, 2010) . The results of this study demonstrate the modulation of ABA effects through phosphorylating receptors, which will help In vitro cell-free analysis revealed that mutation of AEL phosphorylation sites of PYR1/PYL1 regulates the stability of PYR1/PYL1. Serine to aspartic acid (D, mimicking phosphorylation, PYR1 S109DS156D and PYL1 S136DS182D ) or alanine (A, preventing phosphorylation, PYR1 S109AS156A and PYL1
S136AS182A
) of PYR1/PYL1 resulted in enhanced or suppressed degradation of PYR1/PYL1 in both Col-0 and ael124 triple mutants. Degradation of normal or mutated forms of PYR1/PYLs was suppressed in ael124 triple mutant compared with that in Col-0. Purified normal or mutated PYR1/PYL1-His fusion proteins were examined and detected by western blot using anti-His antibody. Band density was measured using ImageJ and data are presented as means ± SEM (n = 3). Arabidopsis plants deficient in AELs have hypersensitive ABA responses, which is due to the suppressed ubiquitination and degradation of PYR/PYLs, indicating the crucial roles of AELmediated phosphorylation in regulating the stability and function of PYR/PYLs, and AELs are novel key modulators of ABA signaling and effects. In addition, the interaction with AELs and phosphorylation of PYR/PYLs are suppressed by increased ABA, providing precise regulation of ABA effects by modifying PYR/PYL receptors by phosphorylation ( Figure 7E ). Later reduction in the amount of ABA disrupts the suppression of AEL-PYR/PYL interaction, resulting in increased phosphorylation, promoted polyubiquitination, and enhanced degradation of PYR/PYLs, and hence suppressed ABA signaling and responses. Considering a recent study showing that the phosphorylation changes induced by ABA are initiated within 5 min (Minkoff et al., 2015) , the rapid induction of AEL transcriptions by increased ABA ( Figure 1B ) provides an efficient mechanism by which to attenuate the activated ABA signaling pathways, which greatly facilitate the understanding of the molecular mechanism of ABA function. In addition, both PYR/PYLs and AELs are highly conserved in higher plants; phosphorylation modification of PYR/PYLs by AELs confers a possibility to modulate ABA signaling and plant response to altered environmental conditions. Phosphorylation of PYR/PYLs detected in vivo by phosphoproteomic analysis provides direct evidence of the PYR/ PYL phosphorylation. Although the two identified sites of PYR/ PYLs (S109/S152 of PYR1, S136/S182 of PYL1) are crucial for AEL-mediated phosphorylation and mutation of them results in the altered stability of PYR/PYL proteins, phosphorylation of mutated forms (PYR1S109AS152A or PYL1S136AS182A) can still be detected ( Figure 4D ), suggesting that AELs may phosphorylate other sites to regulate the distinct components or character of PYR/PYLs, while other kinases may be involved in PYR/ PYL phosphorylation. Further detailed phosphoproteomic studies will help reveal the more comprehensive endogenous phosphorylation status of PYR1/PYLs, especially under various stress conditions, and to elucidate the functions of protein phosphorylation in ABA effects and plant responses to environmental stimuli.
Phosphoproteomic analysis also revealed that phosphorylation of some sites is regulated by ABA treatment, suggesting complex regulation of PYR/PYLs through phosphorylation, and that other kinases may be involved in the regulation of phosphorylation and functions of PYR/PYLs. A recent study showed that the TOR kinase phosphorylates ABA receptors at a conserved serine residue to disrupt the PYL association with ABA and PP2C phosphatase, leading to the inactivation of SnRK2 kinases (Wang et al., 2018) , which suggests that the phosphorylation could directly alter the function of ABA receptors. Our studies confirmed that AEL-mediated phosphorylation regulates the ubiquitination and hence stability of PYR1/PYLs. Further investigations into the association between PYR/PYLs and PP2C phosphatase, and phosphorylation status of SnRK2s and their target proteins, may provide more information on the functional mechanism of AELs.
The altered ubiquitination of PYL1, especially the mutated form of PYL1 in vivo, and the increased response to ABA or NaCl of transgenic plants expressing PYL1 S136AS182A compared with Col-0 or those expressing normal PYL1, indicate the role of AEL-mediated phosphorylation in regulating the stability and function of PYR/ PYLs and, hence, ABA effects. The reduced ubiquitination of mutated PYL1 (non-phosphorylation form PYL1 S136AS182A ) confirms the effects of AEL-mediated phosphorylation on PYR/ PYL stability, although the detailed mechanism is as yet unknown. Altered interaction with E3 ligase or conformational changes of PYR/PYLs may result in the reduced polyubiquitination. Further investigations are needed to illustrate the regulatory mechanism of PYR/PYLs through AEL-mediated phosphorylation.
CK1s are conserved throughout plants and mammals; however, functions and underlying mechanisms of CK1s in plant growth and development by regulating target proteins are poorly understood. Our studies demonstrated the crucial roles of AELs in the ABA response by phosphorylating PYR/PYL receptors. Regarding the extensive effects of phosphorylation on target proteins, it is possible that phosphorylation of PYR/PYLs or other components of ABA signaling, by AELs and other distinct kinases, may be involved in ABA signaling regulation as well. In addition, some CK1s are located at the plasma membrane or cytosol, and the location of AELs in the nucleus (Supplemental Figure 7) suggests their possible unique and distinct roles in regulating the specific processes and plant development by phosphorylating the nuclear proteins.
METHODS Plant Materials and Growth Conditions
Arabidopsis thaliana (ecotype Col-0) plants were used as wild-type. Sterilized seeds of Col-0 and various mutants were stratified at 4 C for 2 days, then sown on half-strength Murashige-Skoog medium (Duchefa) and germinated under 22 C ± 1 C with a 16-h light/8-h dark photoperiod.
Seven-day-old seedlings were transferred to soil and grown under the same conditions. In all experiments, seedlings of mutants, transgenic plants, and Col-0 were grown and harvested under identical conditions.
For ABA or NaCl treatment, four replicates of 100 seeds of each genotype were germinated on half-strength Murashige-Skoog medium supplemented with ABA or NaCl. Radicle protrusion of seeds was regarded as germination and seeds were monitored with a microscope every day (2-4 days) until seeds germinated. Green expanded cotyledon was scored at 5 days after sowing and calculated as a percentage. The experiments were repeated three times.
Cloning of Genes and Generation of Transgenic Lines
Full-length cDNA sequences of AELs and PYR/PYLs were obtained from TAIR (http://www.arabidopsis.org/). The open reading frame (ORF) of each gene was amplified by PCR using corresponding gene-specific primers (Supplemental Table 2 ), sequenced to confirm the correctness, and subcloned into pCambia1306 vector, which drives expression of PYR1/PYL under CaMV35S promoter and introduces a quadruple FLAG epitope at the C terminus of the expressed protein. Resultant binary constructs (p35S:PYR1/PYLs-4xFLAG) were transformed into Arabidopsis using the floral dip method (Clough and Bent, 1998) , and transgenic plants were selected by antibiotic resistance and confirmed by western blotting.
Real-Time qPCR Analysis and Subcellular Localization Studies
Total RNAs were extracted from plants using a Universal Plant RNA Extraction Kit (TIANGEN) and reversely transcribed using a PrimeScript ). There is no difference of seed germination at 2 days in the absence of ABA (left). Mutant abi1-1c was used as control. Experiments were repeated four times and data are presented as means ± SEM (n = 100). Statistical analysis using Student's t-test revealed the significant differences compared with Col-0 (*p < 0.05 compared with those of Col-0). AELs Phosphorylate and Destabilize PYR/PYLs 1st Strand cDNA Synthesis Kit (Takara). Real-time qPCR was performed on a CFX Connect real-time thermal cycler (Bio-Rad) using the SYBR Green Real-Time PCR Master Mix (Toyobo). Gene-specific primers were listed in Supplemental Table 2 .
ORFs of AELs were amplified and subcloned into vector pA7-YFP (Voelker et al., 2006) . Resultant constructs were transiently expressed in protoplasts of Arabidopsis suspension cultured cells and fluorescence of AEL-GFP fusion proteins was observed by confocal laser scanning microscopy.
Stomatal Aperture Measurements
Rosette leaves of Arabidopsis seedlings were floated on opening solutions (50 mM CaCl 2 , 10 mM KCl, 10 mM MES-Tris [pH 6.15]) and exposed to light (150 mmol m À2 s À2 ) for 3 h. Subsequently, ABA was added to the solution (final concentration 10 mM) for 2 h and stomatal closing was examined. Stomatal apertures were measured from images of leaf abaxial surfaces obtained with a scanning cryoelectron microscope. The investigator was blinded to the group allocation during the experiments.
Expression of Recombinant Protein and Western Blotting Analysis
ORFs of AELs or PYR/PYLs were subcloned into pET51b vector (Novagen) and expressed in Escherichia coli strain BL21 (DE3). Construct pET51b-PYR1 or pET51b-PYL1 was used to generate the single amino acid mutation with the Fast Mutagenesis System (FM111-01, TransGen Biotech) (primers are listed in Supplemental Table 2 ). Resultant constructs were further used to generate double amino acid mutations using the same protocol. Recombinant proteins were purified according to the manufacturer's protocol (Novagen).
Western blotting analysis was performed according to a previous description (Tan et al., 2013) with minor modifications. Protein samples were separated by 10% SDS-PAGE Gel (Life) and then transferred onto polyvinylidene difluoride membranes (PerkinElmer), which were incubated with a primary mouse antibody and then with a goat anti-mouse immunoglobulin G alkaline phosphatase (AP)-conjugated secondary antibody (Santa Cruz Biotechnology). AP activity was detected using a BCIP/NBT kit (Invitrogen) according to the supplier's instructions. The brand density was measured and calculated by ImageJ (NIH).
In Vitro Kinase Assay
Kinase activity assay was performed according to a previous description (Tan et al., 2013) with minor modifications. Purified recombinant AELs were mixed with [ 32 P]g-ATP (10 mCi, NEC902A; PerkinElmer) and then used for the assay. The assay was initiated by adding recombinantly expressed His-AELs ($1 mg protein) in a total volume of 20 mL of kinase buffer (50 mM Tris-HCl [pH 8.0], 10 mM MgCl 2 , 1 mM DTT, 10 mM ATP) containing substrate proteins ($10 mg). Reactions were incubated at
25
C for 1 h and terminated by adding 23 SDS loading buffer. After boiling for 5 min, the reaction products were fractionated by SDS-PAGE. The gel was examined by autoradiography according to the manufacturer's instructions (Fujifilm FLA 9000 plus DAGE) and resultant images were used for band density analysis by ImageJ.
In Vitro Degradation Assay of PYR/PYLs by Cell-Free Analysis
The in vitro degradation assays were conducted as described by Wang et al. (2009) . In brief, 7-day-old seedlings were harvested and ground into fine powder in liquid nitrogen. Total proteins were extracted in buffer (25 mM Tris-HCl [pH 7.5], 10 mM NaCl, 10 mM MgCl 2 , 4 mM PMSF, 5 mM DTT, and 10 mM ATP) and cell debris was removed by two centrifugation steps (15,000 g, 10 min, 4 C) to collect supernatants. Protein concentration was determined using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). For degradation assays of PYR/PYLs, purified His-PYR/ PYL fusion proteins were incubated in total proteins (120 ml, $500 mg) extracted from the same number of seedlings of Col-0, ael123, or ael124 triple mutants. For degradation assay of various forms of PYR1/PYL1, equal amounts ($1 mg) of purified His-PYR1/PYL1 or mutated forms of PYR1/PYL1 were incubated in total proteins ($500 mg) extracted from the same numbers of seedlings of Col-0 or ael124 triple mutants. The mixtures were incubated at 22 C for the whole assay and analyzed at indicated intervals (0, 15, 30 or 60 min for degradation assay of PYR/PYLs; 0, 15, 30, 45 or 60 min for degradation assay of various forms of PYR1/PYL1) after preincubation for 1 h. Protein abundances of PYR/PYLs were determined by immunoblot using anti-His antibody (sc-8035, Santa Cruz).
Sample Preparation for Mass Spectrometry Analyses
The FLAG-PYL1 fusion protein was purified from seedlings overexpressing FLAG-PYL1 using the FLAG-trap IP method. Plant tissues were ground in liquid N 2 and homogenized in IP buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Triton X-100, 1 mM PMSF, 1 mM EDTA, and one protease inhibitor cocktail). After centrifuging at 14 000 g for 10 min at 4 C, the supernatant was mixed with Anti-FLAG M2 Magnetic
Beads (M8823, Sigma) and rotated at 4 C for 2 h. The beads were then pelleted and washed four times with ice-cold IP buffer (without protease inhibitors). The bound proteins were eluted from the beads with 23 SDS-PAGE sample buffer by heating at 95 C for 10 min. Protein samples were fractionated by 10% SDS-PAGE (Bio-Rad) and stained with Coomassie brilliant blue. Bands of 35-40 kDa were excised and cut into small pieces. After dehydration, proteins in the gel slice were reduced by DTT (10 mM). Iodoacetamide (55 mM) was then added to alkylate the reduced sulfhydryl. After washing and dehydration with acetonitrile, the proteins were digested with trypsin and subjected to MS analyses.
LC-MS/MS Analysis
Tandem mass spectrometry (MS/MS) was performed on an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) (C) Analysis of the seed germination ratios under 100 mM NaCl at 2, 3, 4, and 5 days after sowing (upper) revealed the reduced germination of Col-0 plants expressing mutated PYL1 form mimicking dephosphorylation (PYL1 S136AS182A ). Analysis of the green cotyledon of germinated seeds (%) under 100 mM NaCl at 4 or 5 days after sowing (lower) further confirmed the hypersensitive responses of Col-0 plants expressing mutated PYL1 form mimicking dephosphorylation (PYL1 S136AS182A ) to NaCl. Mutant abi1-1c was used as a control. Experiments were repeated four times and data are presented as means ± SEM (n = 100). Statistical analysis using Student's t-test revealed significant differences compared with Col-0 (**p < 0.01 compared with those of Col-0). (D) Western blot analysis confirmed the suppressed degradation of mutated PYL1 form mimicking dephosphorylation (PYL1 S136AS182A ) in vivo. Total protein was extracted from 7-day-old seedlings (Col-PYL1-L1, Col-PYL1-L4, Col-PYL1 S136AS182A -L2, Col-PYL1 S136AS182A -L3) treated with CHX (0, 1, 2, or 4 h) and degradation of PYL1-FLAG or PYL1 S136AS182A -FLAG fusion protein was detected using anti-FLAG antibody (left, equal loading of proteins was shown by CBB staining). Quantification of the band density was measured using ImageJ and data are presented as means ± SEM (n = 3, right).
(E) Functional mechanism of AEL-mediated phosphorylation in regulating ABA signaling and responses. AELs interact with and phosphorylate PYR/ PYLs, which promotes polyubiquitination and degradation of PYR/PYLs, resulting in the inactive ABFs and suppressed ABA responses. Along with the environmental stimuli that result in the increased ABA, AEL-PYR/PYL interaction is suppressed (1) and dephosphorylated PYR/PYLs are accumulated to inhibit PP2C, leading to the activated SnRK2 and phosphorylated ABFs, and hence stimulated ABA responses (2). Transcription of AELs is upregulated by increased ABA (3) and later reduced ABA leads to interaction of AELs with PYR/PYLs for phosphorylation and degradation, providing a finely controlled ABA response by modulating PYR/PYL receptors through phosphorylation.
coupled to an Ultimate 3000 RSLCnano system (Thermo Fisher Scientific). FLAG-PYL1 proteins were lyophilized and redissolved in 15 ml of solvent (2% CH 3 CN/0.1% formic acid [FA] in ddH2O). Samples (3 ml) were loaded on an Acclaim PepMap 100 precolumn (100 mm 3 2 cm, C18, 5 mm, Thermo Scientific) and eluted on an Acclaim PepMap 100 analytical column (75 mm 3 15 cm, C18, 3 mm, Thermo Scientific) with a 60-min gradient. FA (0.1%) and CH 3 CN/H 2 O (4:1, v/v) with 0.1% FA were used as mobile phase A and B, respectively. The loading buffer was the same as the mobile phase A. The gradient was: 5 min at 4% B, 31-min linear gradient from 4% B to 30% B, 7-min linear gradient from 30% B to 50% B, 3-min linear gradient from 50% B to 99% B. After washing the column for 4 min with 99% B, the buffer was decreased to 4% B in 1 min and the column was reconditioned with initial gradient for 9 min. The column temperature was 35 C.The flow rates through the trap column and analytical column were 3 ml/min and 0.3 ml/min, respectively. The MS/MS experiment was operated in the data-dependent mode with automatic switching between MS and MS/MS scans with a cycle time of 3 s. The full MS scans were operated over a mass range of m/z 350-1800 with detection in the Orbitrap (120K resolution). Fragmentation of ions was achieved with high-energy collisional dissociation (30% collision energy) and the spectra were acquired in the Orbitrap (30K resolution) with a maximum injection time of 100 ms.
LC-MS Data Processing
Two methods were used for data processing. SEQUEST was used for peptide identification including phosphopeptides, and phosphoRS was used for phosphosite localization within a phosphorylated peptide. Data were searched against the UniProt-Arabidopsis database with protein sequence of PYL1 (UniProt KB-Q8VZS8) using a target false discovery rate (FDR) of 1%. At the MS1 level, a precursor ion mass tolerance of 10 ppm was used, and up to two missed cleavages were allowed. The fragment ion mass tolerance was set to 0.02 Da for the Orbitrap MS2 detection methods. Oxidation of methionine and N-terminal protein acetylation were defined as variable modifications, whereas carbamidomethylation on cysteines was set as a fixed modification. Phosphorylation at serine, threonine was also set as a variable modification in the analysis.
Phosphorylation site localization was calculated using the phosphoRS algorithm. Quantitation data were retrieved from the ''Precursor ion area detector'' node from Proteome Discoverer (v2.1, Thermo Fisher Scientific) using 2 ppm mass tolerance for the peptide-extracted ion current. All data were acquired with Xcalibur software 4.0 and data analysis was performed on Thermo Proteome Discoverer software 2.1.
Peaks Studio 8.5 software (Bioinformatics Solutions) was also used to analyze the RAW MS/MS data against the UniProt-Arabidopsis database with protein sequence of PYL1 (UniProt KB-Q8VZS8). Searching parameters were conducted with carbamidomethylation (C, +57.02) as a fixed modification, and oxidation (M, +15.99) and phosphorylation (S/T/Y, +79.96) as variable modifications. Other parameters used were as follows: parent ion mass tolerance, 20.0 ppm; fragment ion mass tolerance, 0.1 Da; enzyme, trypsin; max missed cleavages, 2; maximum allowed variable post-translational modification per peptide, 3. FDR was used at %1.0% at peptide level. The peptide identification was accepted only if at least two spectra were matched to the peptide sequence.
The MS proteomics data have been deposited in the ProteomeXchange Consortium via the PRIDE (Vizcaíno et al., 2016) partner repository with the dataset identifier PXD008565.
In Vivo Degradation Assays of PYR/PYLs
Isogenic plants expressing PYL1-FLAG fusion protein were generated by crossing homozygous transgenic ael124 plants expressing PYL1-FLAG with Col-0. Transgenic plants with similar levels of PYL1-FLAG (L1 and L4) or PYL1 S136AS182A -FLAG (L2 and L3) were selected for in vivo degradation assays. Seven-day-old seedlings were incubated in Murashige-Skoog medium supplemented with 100 mM cycloheximide (CHX) (C7698, Sigma-Aldrich) to block protein synthesis. After CHX treatment for different times (0, 0.5, 1, 2, or 4 h), seedlings were collected and immediately frozen in liquid nitrogen. Proteins were extracted with extraction buffer (PEB; 20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% Tween 20, 1 mM EDTA, 1 mM DTT) containing a protease inhibitor cocktail ''Complete'' (04693116001, Roche) and phosphatase inhibitor cocktail ''Phos-STOP'' (04906845001, Roche), and abundance of PYL1-FLAG fusion protein was determined using anti-FLAG antibody (M20018, Abmart) by western blotting analysis.
Co-immunoprecipitation Analysis
Full-length PYL1 cDNA was subcloned into binary vector pGWB617, and cDNAs of AEL1-4 were subcloned into pGWB611 by Gateway LR recombination reaction (Invitrogen). Resultant constructs were transformed into Agrobacterium strain GV3101, which was infiltrated together with p19 strain in N. benthamiana. After 2 days, the infiltrated leaves were sprayed with water containing 0.01% Silwet L-77 (GE Healthcare) and either 0.08% ethanol or 100 mM ABA (in 0.08% ethanol) for 24 h. The harvested infiltrated leaves ($1.0 g) were ground into powder in liquid nitrogen and proteins were extracted using extraction buffer (20 mM TrisHCl [pH 7.5], 150 mM NaCl, 0.1% NP-40, 1 mM DTT) containing a protease inhibitor cocktail ''Complete'' and phosphatase inhibitor cocktail ''PhosSTOP''. Supernatant was filtrated with a Cell Strainer (BD Falcon, 352350) and used for immunoprecipitation as an Input. The Input was incubated with 40 ml of Anti-FLAG M2 Magnetic Beads (M8823, Sigma) for 3 h (4 C), then the beads were washed and eluted according to the manufacturer's instructions. Protein samples were separated by 10% SDS-PAGE gel (Bio-Rad) and analyzed by western blotting.
Analysis of the Ubiquitination of PYL1
For detection of ubiquitination of PYL1 in Col-0 or ael124 triple mutants, Col-0 lines expressing PYL1 were generated by crossing homozygous ael124 lines expressing PYL1 with Col-0, respectively. Analysis was conducted according to previous descriptions with a few modifications. In brief, 10-day-old seedlings were treated with 50 mM MG132 for 6 h, then ground into powder in liquid nitrogen and dissolved with protein extraction buffer (w:v, 1 mg/ml) containing 50 mM Tris-HCl (pH 7.5), 20 mM NaCl, 0.1% NP-40, 1 mM PMSF, 50 mM MG132, 10 nM ubiquitin aldehyde (SRP6024, Sigma-Aldrich), and 10 mM N-ethylmaleimide (E1271, Sigma-Aldrich). Total proteins were first incubated with Anti-FLAG M2 Magnetic Beads (Sigma, M8823) for 4 h (4 C), then the beads were washed and eluted according to the manufacturer's instructions. Protein samples were separated using 10% SDS-PAGE gels and analyzed by western blotting, and proteins were detected using anti-Ub antibody (sc-58499, Santa Cruz).
Amounts of PYL1 or mutated form (PYL1 S136AS182A ) in the immunoprecipitated fraction were detected using anti-FLAG antibody and adjusted to equal amounts. Ubiquitination of PYL1 or PYL1 S136AS182A protein was detected using anti-Ub antibody (sc-58499, Santa Cruz Biotechnology). 
SUPPLEMENTAL INFORMATION

